Background-Whether sleep-disordered breathing (SDB) is a risk factor for left ventricular (LV) hypertrophy and dysfunction is controversial. We assessed the relation of SDB to LV morphology and systolic function in a community-based sample of middle-aged and older adults. Methods and Results-The present study was a cross-sectional observational study of 2058 Sleep Heart Health Study participants (mean age 65Ϯ12 years; 58% women; 44% ethnic minorities) who had technically adequate echocardiograms. A polysomnographically derived apnea-hypopnea index (AHI) and hypoxemia index (percent of sleep time with oxyhemoglobin saturation Ͻ90%) were used to quantify SDB severity. LV mass index was significantly associated with both AHI and hypoxemia index after adjustment for age, sex, ethnicity, study site, body mass index, current and prior smoking, alcohol consumption, systolic blood pressure, antihypertensive medication use, diabetes mellitus, and prevalent myocardial infarction. Adjusted LV mass index was 41.3 (SD 9.90) g/m 2.7 in participants with AHI Ͻ5 (nϭ957) and 44.1 (SD 9.90) g/m 2.7 in participants with AHI Ն30 (nϭ84) events per hour. Compared with participants with AHI Ͻ5, those with AHI Ն30 had an adjusted odds ratio of 1.78 (95% confidence interval 1.14 to 2.79) for LV hypertrophy. A higher AHI and higher hypoxemia index were also associated with larger LV diastolic dimension and lower LV ejection fraction, with a trend toward lower LV fractional shortening. LV wall thickness was significantly associated with the hypoxemia index but not with AHI. Left atrial diameter was not associated with either SDB measure. Conclusions-In a community-based cohort, SDB is associated with echocardiographic evidence of increased LV mass and reduced LV systolic function.
L eft ventricular hypertrophy (LVH) is an important risk factor for cardiovascular morbidity and mortality. 1 Sleepdisordered breathing (SDB) has been associated with cardiovascular disease in several studies 2,3 and appears to be an independent cause of hypertension. 4 -6 SDB is characterized by recurrent episodes of apnea and hypopnea during sleep. The most common form of SDB is obstructive, although in most epidemiology studies, no attempt is made to distinguish central from obstructive forms of SDB. Whereas left ventricular (LV) dysfunction is a known cause of central SDB, it has been postulated that obstructive SDB might be an independent risk factor for LVH and LV dysfunction. Potential mechanisms underlying such an association include recurrent episodes of hypoxemia and arousal from sleep after obstructive respiratory events, both of which cause an increase in sympathetic activity and blood pressure 7 that results in increased LV afterload. Increased sympathetic activity is sustained throughout the day in patients with obstructive SDB and improves after treatment. 8 Furthermore, the forceful inspiratory efforts generated in the face of an obstructed airway result in large negative swings in intrathoracic pressure, which consequently increases transmyocardial pressure (LV afterload). 9 -11 
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In a dog model, 3 months of exposure to severe obstructive SDB resulted in increased LV volume, decreased LV ejection fraction (LVEF), and a 10% increase in LV mass (LVM) that was of borderline statistical significance. 11 Whether SDB is an independent risk factor for LVH and LV dysfunction in humans remains controversial. A clinic-based study of 533 subjects found that those with obstructive SDB had greater height-adjusted LVM than those without, but this difference was not significant after adjustment for age, obesity, and hypertension. 12 Several other case-control studies or case series found an association of obstructive SDB with LVH, [13] [14] [15] [16] [17] although others did not. 18 -20 Continuous positive airway pressure therapy for 6 months resulted in significant regression of LVH as measured by interventricular septal thickness but not LV posterior wall thickness in 1 study, 13 whereas decreased interventricular septal thickness was observed along with improved LV function in another study. 17 In the present study, we test the primary hypothesis that SDB is associated with increased LVM index as measured by echocardiography in the large, community-based sample of adults participating in the Sleep Heart Health Study (SHHS). We also sought to evaluate the association between SDB and other measures of cardiac morphology and LV function.
Methods

Study Sample
Of the total of 6441 SHHS participants, 2850 were drawn from parent cohorts in which echocardiography was performed as part of the parent cohort protocol (1248 from the Cardiovascular Health Study, 1000 from the Framingham Heart Study, and 602 from the Strong Heart Study). An additional 201 subjects initially recruited from those 3 parent cohorts were excluded from the SHHS because of inadequate polysomnography. The study was approved by the institutional review boards at the respective sites, and subjects gave informed consent. The parent cohorts and the SHHS cohort are described elsewhere. [21] [22] [23] [24] Briefly, the SHHS is a multicenter study of individuals 40 years or older recruited from participants in several ongoing cohort studies in the United States. Of the 2850 potential subjects, 792 were excluded for missing or technically inadequate echocardiograms (nϭ714) or missing covariate data (nϭ78) for age, body mass index (BMI), systolic blood pressure (SBP), antihypertensive therapy, or history of myocardial infarction (MI), which left 2058 subjects for the present investigation.
Polysomnography
SHHS participants underwent in-home polysomnography between 1995 and 1998 with the Compumedics P-series portable monitor (Abbotsford, Victoria, Australia). The following channels were used: electroencephalogram, electrooculogram, single bipolar ECG, chin electromyogram, pulse oximetry (Nonin Medical, Plymouth, Minn), chest and abdominal excursion, airflow (by thermocouple), and body position. The polysomnography recordings were analyzed and scored centrally at the SHHS reading center (Cleveland, Ohio) with the scoring guidelines and quality assurance and control methods described elsewhere. 25, 26 The apnea-hypopnea index (AHI) was defined as the number of episodes of apnea plus hypopnea per hour of sleep. Apnea was defined as a decrease in airflow amplitude to Ͻ25% of baseline that lasted for at least 10 seconds. Hypopnea was defined as a decrease in airflow or chest wall movement amplitude to Ͻ70% of baseline that lasted for at least 10 seconds. For the present analysis, AHI was obtained with the use of apneas and hypopneas associated with at least 4% oxyhemoglobin desaturation. The intraclass correlation of AHI was 0.75 between unattended home and attended laboratory settings 27 and 0.80 for night-to-night variability in the unattended home setting. 28 The interscorer reliability for scoring AHI in the SHHS was also excellent, with an intraclass correlation of 0.99. 29 Hypoxemia index was defined as the percent of sleep time at oxyhemoglobin saturation Ͻ90%.
Echocardiography
Echocardiography was performed by each parent cohort by use of previously described measurement techniques. 30 -32 M-mode measurements were performed according to American Society of Echocardiography recommendations. 33 LVM index was calculated by the necropsy-validated formula described by Devereux and associates 34 :
where LVIDd is LV internal diastolic diameter, IVST is interventricular septal thickness, and LVPWT is LV posterior wall thickness, measured in centimeters. Using previously published thresholds, we defined LVH as an LVM index Ͼ49.2 g/m 2.7 for men and Ͼ46.7 g/m 2.7 for women. 35 Subjects with LVH were further classified as having concentric hypertrophy if relative wall thickness [(LVPWTϩIVST)/LVIDd)] was Ͼ0.41 or eccentric hypertrophy if it was Յ0.41. 36 The reproducibility of echocardiographic measures has been reported previously and was acceptable. [37] [38] [39] 
Covariates
During the SHHS home visit, in advance of the polysomnogram, a study technician collected health history and medication use data using a standardized questionnaire, including history of doctordiagnosed MI and heart failure, and measured blood pressure and weight using a standardized protocol. 22 Covariates obtained from the parent cohorts included race, height, history of diabetes mellitus, and usual alcohol intake.
Statistical Analysis
The dependent variable for the primary analysis was LVM index. Dependent variables for secondary analyses included measures of both cardiac morphology and LV systolic function. The morphological measures were LV wall thickness (the mean of interventricular septal thickness plus LV posterior wall thickness), LVIDd, and left atrial diameter (measured at LV end systole). The functional measures were LV fractional shortening, quantitative LVEF (available only for subjects from the Strong Heart Study parent cohort), and categorical LVEF. All dependent variables were continuous except for the categorical variable LVEF, which was categorized with a threshold of 55% as recommended by the American Society of Echocardiography. 40 All statistical analyses were performed with SAS, version 9.1 (SAS Institute Inc, Cary, NC). Relations between echocardiographic and SDB measures, adjusted for covariates, were evaluated with linear regression for continuous measures (Proc GLM) and logistic regression for categorical measures (Proc Logistic for overall LVH and categorical LVEF; Proc CATMOD for LVH categorized as absent, eccentric, or concentric).
Primary exposure variables were the AHI and the hypoxemia index. Secondary exposure variables were the arousal index and habitual snoring. AHI was categorized with the common clinical thresholds of 5, 15, and 30 events per hour of sleep. The hypoxemia index was subdivided into 4 categories by partitions of 0.4%, 4%, and 12% of sleep time, to approximate the frequency distribution of subjects in the AHI categories. Arousal index was categorized by thresholds of 20, 30, and 40 arousals per hour of sleep. Habitual snoring was defined as self-reported snoring 3 or more times per week.
Four models are presented, with adjustment for the demographic variables of age, sex, race, and parent cohort alone (model 1); further adjustment for BMI, an important cause of both SDB and LVH (model 2); further adjustment for hypertension (SBP and antihypertensive therapy) and history of MI, important correlates of LVH that may be caused in part by SDB (model 3); and further adjustment for self-reported history of diabetes mellitus, current smoking, and usual alcohol consumption, factors possibly associated with both SDB and LVH for which data were available in a subset of 1689 subjects (model 4).
History of congestive heart failure (CHF) was not included in the main analytic models to avoid adjustment for a possible effect (CHF) of the exposure of interest. Further analyses that added CHF or height to models 3 and 4 were performed to assess their impact on the observed associations. Additional analyses were performed that excluded subjects with a history of MI or CHF, with stratification by sex, and with the inclusion of a sex-by-SDB interaction term in regression models.
The authors had full access to the data and take full responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results
Characteristics of the study sample stratified by AHI severity are shown in Table 1 . Increasing AHI was associated with male sex, higher mean BMI and SBP, and higher prevalence of treated hypertension, diabetes mellitus, and cardiovascular disease.
Primary Analysis: LVM Index
In analyses adjusted for age, sex, race, and parent cohort, mean LVM index was progressively higher with increasing AHI or hypoxemia index (Figure 1, model 1) . The magnitude of these associations was diminished but remained statistically significant when BMI was added to the model (model 2). Little further diminution in the associations was seen with adjustment for additional covariates (models 3 and 4). The addition of history of CHF to models 3 and 4 did not meaningfully alter the findings (results not shown). Increasing severity of SDB was similarly associated with increased adjusted odds of categorical LVH. Compared with those with AHI Ͻ5, those with AHI Ն30 had an adjusted OR of 1.78 (95% confidence interval 1.14 to 2.79) for LVH ( Table 2) .
Hypoxemia index was highly correlated with AHI, with a Spearman rank correlation of rϭ0.72 for the continuous measures and a contingency coefficient of 0.58 for categorical severity classification by these 2 measures of SDB. Fewer than half of those in the highest AHI category were also in the highest hypoxemia index category, however. In all models, the association of SDB with LVM index appeared somewhat stronger for hypoxemia index than for AHI ( Figure 1 ). When we considered alternative measures of SDB, subjects who reported habitual snoring had a higher LVM index than those who did not in models adjusted for age, sex, race, and parent cohort; however, there was no meaningful difference after adjustment for BMI (42.0 versus 41.7 g/m 2.7 ) or other covariates. There was no significant association between the arousal index and LVM index in any model (results not shown).
Secondary Analyses: LVM Index
The association between AHI (or hypoxemia index) and LVM index persisted in analyses that excluded subjects with 
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prevalent cardiovascular disease (CHF or MI; Table 3 ). When analyses were stratified by sex, the association of AHI with LVM index was not significant in women, although the association of hypoxemia index with LVM index persisted in both sexes ( Table 3) . Inclusion of an SDB-by-sex interaction term in the general linear models indicated that interactions with sex were not statistically significant for either SDB measure, however, whether they were treated as categorical or continuous variables. We did not observe significant effect modification with use of antihypertensive medication in general or ␤-blockers in particular (results not shown).
To assess whether the observed association of SDB with LVM index might be driven by LVH-associated central SDB, the main analyses were repeated with the exclusion of 96 subjects with a central apnea index greater than the obstruc-tive apnea index or with a central apnea index Ͼ5 per hour (regardless of obstructive apnea index) and an additional 573 subjects for whom either central or obstructive apnea indices were not reported separately from the overall AHI. Compared with the main analysis, the association with LVM index in these models was slightly stronger for the hypoxemia index and was not meaningfully altered for the AHI. Similarly, the associations of other outcomes with SDB measures were not meaningfully altered by exclusion of these subjects (results not shown).
Secondary Analyses: Morphology and Function
Because inclusion of smoking status, alcohol use, and history of diabetes mellitus did not meaningfully alter the analyses but led to the exclusion of 369 subjects owing to missing data, further analyses are presented with adjustment for age, sex, race, site, BMI, hypertension, and history of MI. When concentric and eccentric LVH were considered separately, the prevalence of eccentric LVH increased across all categories of AHI, whereas the prevalence of concentric hypertrophy was similar across higher AHI categories (Figure 2 ). Although the magnitude of these associations was diminished with covariate adjustment, the overall association of SDB with eccentric and concentric hypertrophy remained significant ( Table 2 ). Mean LVIDd differed significantly across categories of AHI and hypoxemia index ( Table 4 ). Mean LV wall thickness was slightly higher in subjects with a higher hypoxemia index but was not significantly associated with AHI (Table 4 ). These associations were not meaningfully affected by further adjustment for history of CHF or for height. There was no significant association between either measure of SDB and left atrial diameter (Table 4 ). Although decreased LVEF was more prevalent in higher AHI categories (Figure 2) , the adjusted ORs of decreased LVEF in the higher SDB quartiles were not significantly different from the referent category for either SDB measure ( Table 2) . Quantitative LVEF as a continuous measure was available in the subset of participants from the Strong Heart Study and was significantly associated with both AHI and hypoxemia index (Table 4 ). In the total sample, a trend toward lower LV fractional shortening with increasing AHI and hypoxemia index did not reach statistical significance (Table 4 ).
Discussion
In the present study of a large, community-based sample of middle-aged and older adults, SDB as measured by AHI or hypoxemia index was associated with a significantly higher LVM index after adjustment for age, sex, race, parent cohort, BMI, hypertension, history of MI, diabetes mellitus, current or former smoking, and usual alcohol consumption. The adjusted LVM index was Ϸ7% greater and the adjusted 
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relative odds of LVH 78% higher in subjects with AHI Ն30 than in those with AHI Ͻ5. Although an increase in LVM index was seen across all categories of SDB in minimally adjusted models, in more fully adjusted models, this association was only seen at AHI Ն15 or hypoxemia index Ն4% of sleep time. Increasing SDB severity was also associated with larger LVIDd and lower LVEF. Although in the main analysis, we do not discriminate between central and obstructive SDB, few subjects in the present cohort had predominantly central SDB. The exclusion of those subjects did not meaningfully alter the associations with LV morphology and function; we therefore concluded that obstructive SDB was driving the observed associations. The number of subjects with central SDB was too small to meaningfully evaluate its association with LV morphology and function in the present cohort.
Previous clinic-based studies of the relation of SDB to LV morphology and function have generally found an association between SDB and increased LVM or wall thickness, although the association was often not significant after adjustment for obesity and other relevant covariates. 12, 18, 20 The present study confirms that although obesity does explain some of the association of SDB with LVM index and LV function, a significant association persists after adjustment for BMI in a large, community-based cohort not selected on the basis of either suspected LV dysfunction or presence of SDB. This association was not diminished by the exclusion of subjects with a history of CHF or MI. Although this history was by self-report, which makes misclassification of the history of CHF or MI possible, the lack of any diminution in the effect estimate indicates that the observed association of SDB with LVM index was not driven by those conditions.
A prior study of subjects with cardiomyopathy found that those who had SDB had greater LV wall thickness than those without, whereas the LVIDd was not different. 41 Another study excluding subjects with diagnosed cardiomyopathy also found an unadjusted association of SDB with concentric hypertrophy. 14 In contrast to these studies, the present study found SDB to be associated with eccentric LVH, characterized by higher LVIDd with little difference in LV wall thickness. This is consistent with a prior study of adolescents and children with SDB in which most subjects with LVH had eccentric hypertrophy. 15 Eccentric LVH occurs primarily in response to volume overload and may reflect mild LV dilatation as a compensation for decreased LVEF. It is also observed in mild to moderate uncomplicated hypertension, associated with mildly increased cardiac output. 42, 43 In the present sample, prevalence of both decreased LVEF and treated hypertension increased across SDB categories, and this may have contributed to the observed association with eccentric hypertrophy. Previous studies have shown that airway occlusion during sleep is associated with a reduced LVEF and increased LV end-systolic volume in a canine model of obstructive sleep apnea. 9, 44 The mechanism by which recurrent acute increases in LV volume might lead to eccentric remodeling remains to be elucidated.
Eccentric hypertrophy has been observed in patients with anemia, decreased renal function, or increased cardiac output demand due to higher fat-free body mass. Severe anemia and renal failure are expected to be rare in a general community sample and are therefore unlikely to account for the observed association of SDB measures to LVIDd. Although there was a trend toward increasing mean height with increasing AHI category, which suggests a higher fat-free body mass, this reflected the higher proportion of men in the higher AHI categories; adjustment for height did not alter the observed association.
The present study provides only weak evidence for an association between SDB and decreased LVEF. Although SDB was associated with lower quantitative LVEF in subjects recruited from the Strong Heart Study, for which this measure was available, SDB was not a significant predictor of categorically low LVEF or LV fractional shortening, measurements of which were available for all 3 parent cohorts. In general, the hypoxemia index was more strongly associated with measures of LV morphology than was AHI, consistent with a recently published correlative study. 45 Although observational studies have a limited ability to explore pathophysiological mechanisms, this finding may reflect a primary role for hypoxemia in the mechanisms by which SDB influences LV morphology. This may be mediated by alterations in expression of myosin heavy chain isoforms, as animal studies suggest. 46 Prior studies of cardiac morphology and function in SDB have generally included few 13, 15 or no 16, 18 women. In the present study, more than half of the subjects were women. In sex-stratified analyses, the evidence for an association of SDB with LVM index appeared stronger in men than in women, although an independent association with the hypoxemia index was observed in women. Fewer women than men have moderate-to-severe SDB, which results in lower power to detect significant associations of SDB with LV morphology, and a formal test of interaction between SDB measures and sex was not significant. The low power of such tests of interaction does not exclude an effect modification by sex, however, and this finding suggests that caution should be taken in generalizing from the results of studies that include men only.
The present study has several limitations. It is crosssectional in design. Although LVH and LV systolic dysfunction are not known to contribute to the pathogenesis of pure obstructive SDB, LV systolic dysfunction is known to result in central SDB, which may trigger obstructive events in individuals with a predisposing anatomy. 47 It is unlikely, however, that this explains the present findings, because analyses that excluded subjects with evidence of central SDB did not alter the results. Although echocardiographic measures were standardized for each parent cohort, 29 -31 systematic differences in measurements may have occurred between parent cohorts; we therefore adjusted for parent cohort in the present analysis. Balancing these limitations are several strengths, including the large, ethnically and geographically diverse sample drawn from well-defined community-based cohorts with detailed, prospective ascertainment of covariates and rigorously standardized echocardiographic and polysomnographic measures that were obtained according to strict protocols and with the use of explicit quality control measures.
In conclusion, we found that SDB at a severity commonly encountered in the general population is associated with increased LVM index, an increased prevalence of LVH, and modestly reduced global LV systolic function. This association has important clinical implications, because LVH is a known predictor of subsequent cardiovascular morbidity and mortality. 1 The association of SDB with a pattern of eccentric, rather than concentric, hypertrophy requires further investigation to define the mechanism and its clinical implications.
